Introduction p73, a new member of the p53 family, has been mapped to chromosome 1p36.33, a locus where loss of heterozygosity (LOH) is frequently observed in neuroblastoma (NBL) (Kaghad et al., 1997; Schwab et al., 1996) . Using cell lines of NBL and other cancers, Kaghad et al. (1997) showed that the expression level of p73 in NBL is low compared with that of other cancers. Although mutations in the p73 coding region were absent in eight NBL cell lines, they found an LOH in six of the eight lines and evidence for monoallelic expression of p73. In addition, stable transfection of p73 inhibited the growth of the SK-N-AS NBL cell line, and its transient expression promoted apoptosis in Saos-2 osteosarcoma cells (Jost et al., 1997) . Those results implied that p73 may be a candidate NBL suppressor gene localized at chromosome 1p36.33. However, studies using cell lines are sometimes not de®nitive, and it is critical to examine primary tumors to con®rm whether or not the candidate gene is a real tumor suppressor gene. In the present report, we have studied 272 primary neuroblastomas for loss of heterozygosity (LOH) and 140 tumors for the analysis of p73 expression and mutation. Our results suggest that the p73 mutation in the primary NBLs is infrequent, although its allelic loss is associated with advanced stage NBL.
Results and Discussion
Extensive analyses of the distal region of 1p in NBL suggest the presence of multiple tumor suppressor loci (Schwab et al., 1996) . However, recent reports of 1p LOH in NBL have de®ned the smallest region of overlap (SRO) between D1S244 and D1S214 at 1p36.2-p36.3 (so-called NB1 locus, Figure 1 ) (White et al., 1995; Martinsson et al., 1995; Amler et al., 1995) . p73 is mapped distal to D1S214 (reference 1 and unpublished data). In order to determine whether p73 represents a unique SRO at chromosome 1p36.3-pter, we performed an LOH analysis on NBL tumors using four markers, D1Z2, p73, D1S80 and D1S214. As a microsatellite marker for p73, we used a CT repeat in intron 9 which proved polymorphic in 50% of normal individuals. The p73 LOH was examined in 272 paired DNA samples (tumor tissue and peripheral blood leukocytes) and the allelic loss was found in 28 of 151 (19%) informative cases (Table 1) . Of 59 sporadic tumors, it was observed in 20 (34%), while the tumors detected by the mass-screening program in Japan, which may represent congenital tumors, susceptible to spontaneous regression, showed the LOH in eight out of 92 (9%) (w 2 -test: P50.001). The p73 LOH was also observed in 13 of 128 (10%) tumors without ampli®cation of N-myc oncogene, while it was found in 15 of 21 (71%) tumors with the ampli®cation (P50.001). Furthermore, p73 LOH was signi®cantly high in advanced stage tumors (P50.05). These suggest that the allelic loss of p73 might occur at low frequency at an early stage of the NBL genesis and increase as the tumor progresses.
Allelic loss of at least one of four loci was detected in 41 out of 214 (19%) tumors (Figure 1 ). Twenty-nine tumors (22 with N-myc ampli®cation and seven without the ampli®cation) appeared to have a large terminal deletion including the proximal region of D1S214. Seven tumors had small terminal deletion and another tumor (CC-2) had larger terminal deletion distal to D1S80. Intriguingly, a stage 1 tumor (CC-1) and a stage 4 s tumor (CC-9) had a small interstitial deletion at the p73 site with retention of D1Z2 and D1S80 loci. One tumor (CC-6) had no LOH for D1Z2, but had allelic loss of p73. One tumor (CC-7) had a possible interstitial deletion proximal to D1S80 which was the distal end marker of the constitutional deletion case reported by White et al. (1995) . Although the SRO at distal 1p in NBL is currently assumed to be between D1S244 and D1S214 (NB1 locus) which may span 5 ± 10 Mb (White et al., 1995; Martinsson et al., 1995; Amler et al., 1995) , other regions of chromosome 1p32-pter (such as an NB2 locus (Schwab et al., 1996) in Figure 1 ) could also harbor candidate loci, because The region between D1Z2 and p73 including the p73 gene itself may be one of SROs for NBL suppressor gene (NB3 locus), which is distal to the previously identi®ed SRO between D1S244 and D1S214 (NB1 locus; Refs. 12, 15, 16) . (b) The results of LOH at D1Z2, p73 and D1S80 in tumors of CC-9 and CC-20. D1Z2 and D1Z1 are FISH markers at 1p36.3 and at 1q centromere, respectively. For p73 LOH, we used a microsatellite marker with CT repeat (see text). The PCR product sizes of D1S80 are 530 bp and 490 bp. In the CC-9 tumor with pentaploidy, D1Z2 and D1S80 are retained but the allelic loss of p73 is observed. In the CC-20 tumor with diploidy, D1Z2 is lost but p73 is retained a b p73 in primary neuroblastomas S Ichimiya et al most of the aggressive NBLs with N-myc ampli®cation usually have a very large allelic loss in this region (Ohtsu et al., 1997; Fong et al., 1992; Takeda et al., 1994; Schleiermacher et al., 1994; Caron et al., 1995) . The chromosomal region for the putative NB2 gene(s) is still ambiguous. However, our present results suggest that the region between D1Z2 and p73, including p73 gene itself, could be a locus (named as a NB3 locus) for one of the NBL suppressor genes ( Figure 1 ). Since most of the advanced NBLs, especially those with Nmyc ampli®cation, have large allelic losses at the distal 1p region, including the NB3 locus, the loss of the tumor suppressor in the locus may give advantage to the tumor progression, in accordance with the result of the p73 LOH. It is also possible that p73 is localized between D1S80 and D1S214. In that case, p73 seems to be excluded from the consensus region of LOH on 1p36. However, the result reported by Amler et al. which de®ned the distal end of SRO as at D1S214, was obtained from a translocated and duplicated cell line (NGP) which has not been shown to be deleted for this region. This suggests that the generally accepted SRO is from D1S244 to D1S80, a region that likely includes p73. In addition, even in such case, the region between D1Z2 and D1S80 could still be a possible SRO based on the results in Figure 1 .
We next examined levels of p73 expression in primary NBLs using reverse transcriptase (RT) ± PCR procedures. The p73 mRNA message was detected in 46 of 134 (34%) primary tumors, while it was easily detectable in all 35 primary colon and breast cancers tested (Figure 2a) . The results were similar to those found in cell lines as reported by Kaghad et al. (1997) . There was no signi®cant dierence in p73 expression between favorable disease stages (1+2+4 s, signals detectable in 29 out of 84) and unfavorable disease stages (3+4, signals detectable in 17 out of 50) (w 2 -test: P40.1). The results obtained by RT ± PCR with primers¯anking exon 13, which is spliced out in p73b isoform, has revealed that both p73a and p73b transcripts were expressed with decreased levels of expression of the latter (Figure 2b ). These suggest that expression of p73 is extremely low in primary NBLs. In addition, there was no correlation between p73 mRNA expression and its LOH (w 2 -test: P40.1).
To search for mutations of p73 in 140 primary NBLs, PCR-single strand conformation polymorphism (PCR ± SSCP) (Mashiyama et al., 1991) and DNA sequencing was performed on tumor RNA and genomic DNA templates prepared from the paired tumorous tissues and peripheral blood leukocytes. We found two tumors (1.4%) with amino acid substitutions at the C-terminal region. The case 78 (3-yearsold, stage 4, diploidy, and adrenal origin) had a mutation of Pro405Arg (CCG?CGG) which was determined to be somatic (Figure 3) . The case 119 (1-month-old, stage 3, diploidy+pentaploidy, and mediastinal origin) had a mutation of Pro425Leu (CCC?CTC), which was germline (Figure 3 ). It is intriguing that both mutations are localized at the Cterminal region containing a proline repeat and a glutamine repeat, a possible transactivation regulatory domain. Our preliminary result indicate that this region is important for transcriptional activation, and both mutations have revealed a loss of function mutation (Takada et al., manuscript under submission). We found four polymorphisms with silent mutation in the p73 gene, as described elsewhere . No mutation of p73 has been observed in cancers of prostate , lung (Nomoto et al., 1998; Mai et al., 1998) , esophagus (Nimura et al., in Figure 2 Expression of p73 and its isoforms, p73a and p73b, in primary NBLs. (a) Expression of p73 mRNA was examined by RT ± PCR procedure as described in Materials and methods. The representative data from the analysis of 158 NBL samples are shown. Three cases of each colorectal cancer and breast cancer were also assessed for p73 expression. The presence or absence of N-myc ampli®cation is depicted as+or 7, respectively. PCR primers were designed to amplify 272 bp cDNA fragment at exon 9 ± 11. The PCR to amplify 247 bp DNA fragment of GAPDH was also performed by using the same cDNA samples. (b) Expression of p73a and p73b in primary NBLs was determined by RT ± PCT method. The NBL tissues preferentially expressed p73a with signi®cant levels of p73b transcript p73 in primary neuroblastomas S Ichimiya et al press), colorectum (Sunahara et al., 1998) , and liver (Mihara et al. in press ).
To determine whether p73 is expressed monoallelically or biallelically in NBL, we subcloned and sequenced several cDNA fragments ampli®ed from tumor RNA at polymorphic sites. In some tumors with p73 heterozygosity, the gene appeared to be expressed from both alleles (Figure 3b) . However, the tumorous tissues contain variable amounts of stromal cell components with mRNA transcribed from constitutional DNA. The imprinting as well as the loss of imprinting at the chromosome 1p distal region in NBL is still unclear and should be studied further (Caron et al., 1995; Cheng et al., 1993) .
Although our data suggest that p73 is expressed biallelically in neuroblastomas at low levels, the comparison with the corresponding normal tissues (infant's adrenal medulla or sympathetic ganglia) is impossible to do because of the diculty to obtain them. If p73 expression is down-regulated in neuroblastomas independent of disease stage or allele-speci®c expression, the inhibitory mechanism of the p73 promoter/enhancer system may be related to the tumorigenesis at its early stage. On the other hand, if p73 expression is up-regulated compared with that in normal tissues with the monoallelic expression, activation of the p73 silenced allele could be one of the possible mechanisms, as Mai et al. (1998) suggested. Nevertheless, based on our data showing low frequency of p73 expression independent of the LOH and disease stage, it may be rather reasonable to hypothesize that there may be another tumor suppressor gene(s) at the distal region of 1p36.3 (NB3 locus in Figure 1) .
As p73b can interact with p53 in yeast two-hybrid system (Kaghad et al., 1997) , we examined p53 expression in those tumors. Intriguingly, p53 in NBL cell lines has been shown to be localized to the cytoplasm (Moll et al., 1995; Ostermeyer et al., 1996) . Expression of p53 in 51 primary NBLs was examined by Northern blot analysis with expression of b-actin for the normalization. The p53 transcripts were detectable in 36 (71%) tumors. There was no signi®cant dierence in p53 expression between stages 1+2+4s (22/27) and stages 3+4 (14/24) (w 2 -test: P40.05) (data not shown). Furthermore, as in previous reports (Vogan et al., 1993; Komuro et al., 1993) , no p53 mutations (exons 4 to 11) were observed by PCR ± SSCP in 140 primary NBLs.
In conclusion, we have found that frequent p73 LOH is associated with sporadic NBLs, N-myc ampli®cation, and advanced stage tumors, suggesting that the allelic loss of p73 is a later event in tumorigenesis of NBL. The p73 gene may be localized at the consensus region for NBL suppressor at 1p36.3-pter. However, mutations in p73 were rare, although we found two loss of function mutations at the Cterminal region. Thus, p73 could still be a candidate NBL suppressor gene, but the infrequent mutation hardly support the idea that p73 is a tumor suppressor in a classic Knudson's manner.
Materials and methods

Tissue and blood specimens
Fresh, frozen tumorous tissues as well as corresponding peripheral blood samples were sent to the Division of Biochemistry, Chiba Cancer Center Research Institute, from various hospitals in Japan. Staging was according to the International Neuroblastoma Staging System . Tissues were store at 7808C until use. DNA and RNA were extracted as previously described (Nakagawara et al., 1993) .
Southern and Northern blot analyses
N-myc ampli®cation was measured by Southern analysis, as reported previously (Nakagawara et al., 1992) . For p73 expression, 20 mg of total RNA was subjected to electrophoresis in 1% formamide gels as described previously (Nakagawara et al., 1994) . The gels were soaked for 30 ± 60 min in 206SSC and transferred to Hybond N + blotting membrane (Amersham). The membranes were hybridized with an a-32 P-dCTP-labeled human p73 probe (1299 bp PCR product). Washing was started at 658C for 15 min in 26SSC and 0.1% SDS, and then the salt concentration was decreased stepwise to 0.56SSC. For p53 expression, Northern analysis was performed as described previously (Nakagawara et al., 1993) .
RT ± PCR assays
Five mg of total RNA was converted to cDNA by using random primers (TAKARA) with Superscript II reverse transcriptase (GIBCO ± BRL). One twentieth of the cDNA was used for PCR ampli®cation. Oligonucleotide primers for detecting human p73 transcripts were p73-c6F (5'-TACCTTCAGGTGCGAGGC-3') and p73-c6R (5'-CCCAGGTTGGGTGTAGCT-3'). To detect the transcripts of p73a and p73b, a primer pair¯anking exon 13 was designed: p73a/b-F; 5'-CAGTCCATGGTCTCGGG-3' and p73a/b-R; 5'-GATGGTCATGCGGTACTGC-3'. The 20 ml PCR reaction mixture contained 1 mM each primer, 200 mM dNTP, 1 6Taq buer, 1.5 mM MgCl 2 and 1.4 units Taq and Pwo DNA polymerase (Boehringer Mannheim). As a control, GAPDH primers (forward primer; 5'-ACCTGACCTGCCGTCTAGAA-3', reverse primer; 5'-TCCACCACCCTGTTGCTGTA-3') were also added to the mixture. The reaction was conducted for 35 cycles of 30 s at 968C, 30 s at 558C and 1 min at 728C, using a Perkin-Elmer Cetus thermocycler. After gel electrophoresis, ampli®ed DNA was visualized by UV illuminator.
P1 genomic clone and its sequencing
A human genomic P1 library (DMPC-HFF #1 series B: Du Pont; Shepherd et al., 1994) was screened by a PCR-based strategy using 3'-end speci®c primers generated from p73 cDNA sequences. P1 DNAs were prepared by using an automated plasmid isolation apparatus (PI-100, Kurabo, Japan) and used for sequencing. To obtain intronic DNA sequences, vectorette libraries were constructed from EcoRI-and PvuII-digested P1 DNA fragments and subjected to PCR ampli®cation using a cDNA primer and a vectorette speci®c primer as described (Ohira et al., 1996) . The PCR products were sequenced using an ABI 377 automated DNA sequencer. Genomic DNA primers to amplify exon sequences were designed from intronic sequences (Nimura et al., in press ).
PCR ± SSCP and DNA sequencing PCR ± SSCP was performed as previously described (Mashiyama et al., 1991) . In brief, PCR products ampli®ed with primers for p73 genomic DNA and a-[ 32 P]dCTP were diluted 1 : 10 with loading buer, denatured at 988C for 5 min and separated on 5% polyacrylamide gel with 5% glycerol at 200 V for 12 ± 14 h at room temperature. After electrophoresis, gels were dried and exposed to X-ray ®lm overnight to visualize migrated bands. To con®rm the presence or absence of mutation, PCR products were subcloned into the pGEM-T easy vector (Promega) and subsequently sequenced on an ABI 377 DNA sequencer.
LOH analysis
Tumor and peripheral blood leukocyte DNA from 214 patients with neuroblastoma were analysed for LOH. Nmyc ampli®cation was observed in 34 tumors. For p73 LOH, 58 additional samples were analysed. The p73 microsatellite marker containing CT repeat was found in intron 9 using the sequence information of the p73 P1 genomic DNA described above. The primer sequences were as follows: forward primer; 5'-CCTCTTCCTCCCCTAC-CAAC-3', and reverse primer; 5'-TAGGCGACAGAG-CAAGACG-3'. The PCR reaction mixture contained 16Taq buer, 1.5 mM MgCl 2 , 100 mM dNTP, 0.5 mCi [a-32 P]dCTP, 2 mM each primer, 0.25 units Taq polymerase (TAKARA), 90 ng TaqSTART (Clontech) and 2 ng template DNA. PCR conditions were as follows: initial denaturation at 968C for 3 min, followed by 35 cycles of 948C for 20 s, 628C for 30 s, 728C for 30 s and a ®nal extension of 728C for 9 min. Allelic loss analyses using the PCR reactions with D1S80 (VNTR marker) and D1S214 (microsatellite marker) were performed with primers published in the literature (White et al., 1995) .
Interphase FISH analysis
FISH experiments were carried out on the ®xed samples used for chromosome analysis (Christiansen et al., 1992) . To determine the copy number of chromosome 1 and presence or absence of 1p deletions, we used repetitive DNA probes D1Z1 (pUC1.77) and D1Z2 (p1-79) speci®c for the pericentromeric region (1q12) and the subtelomeric region (1p36.33), respectively (Christiansen et al., 1992) . D1Z1 was labeled with digoxigenin-11-dUTP, and D1Z2 with biotin-16-dUTP (Boehringer Mannheim) by nick translation. Interphase cells were stained with 4', 6-diamidino-2-phenylindole dihydrochloride (DAPI). Twocolor FISH was performed as previously described (Kobayashi et al., 1996) . One hundred interphase cells were counted in each tumor. 
